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Repeatable nanostructures in dielectrics by femtosecond laser pulse trains
Lan Jiang and Hai-Lung Tsaia兲
Laser-Based Manufacturing Laboratory, Department of Mechanical and Aerospace Engineering, University
of Missouri-Rolla, Rolla, Missouri 65409

共Received 24 May 2005; accepted 20 August 2005; published online 3 October 2005兲
Using the plasma model recent developed by the authors, this study predicts the existence of a
constant ablation-depth zone with respect to fluence in femtosecond laser ablation of dielectrics,
which has also been observed experimentally. It is found that the value of the constant ablation
depth is significantly decreased by the pulse train technology. Repeatable nanostructures can be
achieved with the parameters in the constant ablation-depth zone of a femtosecond pulse train, even
when the laser system is subject to fluctuations in fluences. © 2005 American Institute of Physics.
关DOI: 10.1063/1.2093935兴
Recent developments of optical devices make it possible
to obtain almost any arbitrary pulse shapes. Many studies
have been reported regarding pulse shaping and its effects on
laser-materials interaction. For example, by using shaped
pulse trains, 共1兲 ionization process can be controlled;1 共2兲
atoms can be selectively ionized;2 共3兲 the ground-state rotational dynamics of molecules can be manipulated;3 共4兲
chemical reactions can be controlled;4 and 共5兲 the x-ray line
emission from plasma under the femtosecond pulse can be
significantly enhanced.5 Also, it has been experimentally
demonstrated that by using temporally shaped pulse trains,
the quality of femtosecond laser microstructuring of
dielectrics6,7 and silicon8,9 can be improved. Although some
explanations were given for possible reasons leading to better ablation quality, there is no theoretical analysis to directly
support the results.
This study employs the plasma model recently developed by the authors10–12 to investigate the pulse train ablation of dielectrics, in which quantum theories are employed
to calculate the time and space dependent optical and thermal
properties, including the electron heat capacity, electron relaxation time, electron conductivity, reflectivity, and absorption coefficient. It is shown that there exist constant ablationdepth zones with respect to fluences in the pulse train
technology by which repeatable nanostructures can be obtained, even when the laser system is subject to some fluctuation in fluences. The details of the plasma model are explained in Refs. 11 and 12, and only several key equations
are included in this paper. The following equation is used to
calculate the free electron generation,13 in which the electron
decay term is also considered:14
ne共t,r,z兲
ne共t,r,z兲
= aiI共t,r,z兲ne共t,r,z兲 + ␦N共I共t,r,z兲兲N −
,
t

共1兲
where t is the time; r is the distance to the Gaussian beam
axis; z is the depth from the surface of the bulk material;  is
the decay time constant; ne共t , r , z兲 is the free electron density;
ai is the impact ionization constant; I共t , r , z兲 is the laser intensity inside the bulk material; and ␦N is the cross section
of N-photon absorption. Based on experimental measurea兲
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ments of the threshold fluences, at the wavelength
of 780 nm for fused silica, ai = 4 ± 0.6 cm2 / J, ␦6 = 6
⫻ 108±0.9 cm−3 ps−1共cm2 / TW兲6,15 and  = 60 fs.14
The original laser beam before it interacts with the material is assumed to be a Gaussian distribution in time and
space. It is assumed that the laser focus point is at the material surface, z = 0. Considering time and space dependent optical properties, the laser intensities inside the bulk materials
are expressed as
I共t,r,z兲 =
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where F is the laser fluence; t p is the pulse duration; R共t , r兲 is
the reflectivity; r0 is the radius of the laser beam; and
␣共t , r , z兲 is the absorption coefficient. The Drude model is
used to determine the optical properties of the ionized dielectrics. The spatial and temporal dependent dielectric function
of the plasma is expressed as

⑀共t,r,z兲 = 1 +

冉
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m e⑀ 0

冊冉

− 2e 共t,r,z兲 + ie共t,r,z兲/
1 + 22e 共t,r,z兲

冊

,

共3兲
where e is the electron charge; me is the mass of electron; ⑀0
is the electrical permittivity of free space; e共t , r , z兲 is the
free electron relaxation time; and  is the laser frequency.
Based on Eq. 共3兲, the absorption coefficient through free
electron heating, ␣h共t , r , z兲, and the reflectivity on the surface
of the highly ionized dielectric, R共t , r兲, can be determined by
the Fresnel expression. The total absorption coefficient, ␣,
accounting for both the free electron heating absorption and
the absorption through avalanche ionization and multiphoton
ionization is10

␣共t,r,z兲 = 共aine共t,r,z兲 + ␦N共I共t,r,z兲兲N−1兲
⫻ 共具共t,r,z兲典 + UI兲,

共4兲

where 具共t , r , z兲典 is the average kinetic energy of free electrons and UI is the band gap of materials. For fused silica,
UI = 9 eV.
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FIG. 1. Ablation crater shapes by pulse trains consisting of two pulses with
the total fluence of 5 J / cm2.

The free electron relaxation time in Eq. 共3兲 is calculated
by the following quantum estimation derived from the Boltzmann transportation equation:

e共t,r,z兲 =

3冑me共kBT共t,r,z兲兲3/2

2冑2共Z*兲2ne共t,r,z兲e4 ln ⌳
⫻ 共1 + exp共− 共ne,T兲/kBT共t,r,z兲兲兲F1/2 ,

共5兲

where Z* is the ionization state, kB is the Boltzmann constant, T is the electron temperature, F1/2 is the Fermi-Dirac
integrals,  is the chemical potential, and ln ⌳ is the Coulomb logarithm determined by ln ⌳ = 0.5 ln共1 + 共bmax / bmin兲2兲.
bmax is the maximum collision parameter determined
by bmax = 共kBT / me兲1/2 / max共 ,  p兲; where  is the laser
frequency and  p is the plasma frequency; bmin is the
minimum collision parameter calculated by bmin =
max共Ze2 / kBT , h / 2共mekBT兲1/2兲 where h is the Planck constant. For free electrons modeled as “particle in a box,” the
chemical potential can be calculated by
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,

where F is the Fermi energy that is determined by
F共ne兲 = 共共hc兲2 / 8mec2兲共3 / 兲2/3共ne共t , r , z兲兲2/3 in which c is the
scalar speed of light in vacuum. And the electron temperatures are determined by
ce共T,ne兲ne共t,r,z兲

T共t,r,z兲
= ␣h共t,r,z兲I共t,r,z兲,
t

共7兲

where ce is the specific heat of free electrons, ce共T , ne兲 =
共具E典 / T兲V = 共具典 / T兲V. The average kinetic energy, 具典, is
determined by the Fermi-Dirac distribution

具典 =
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where ␤共T兲 = 1 / kBT共t , r , z兲 and 共兲 = 8冑2m3/2
e / h is the
density of states.

FIG. 2. Integrated reflectivity at r = 0 and different pulse separation times for
2 pulses per train.

It is assumed that a small volume of dielectric material is
ablated if its free electron density is equal to or above the
critical electron density. For femtosecond lasers, the critical
density, ncr, is selected as the free electron density at which
the plasma oscillation frequency is equal to the laser frequency. Thus, according to Eq. 共3兲, ncr = 42c2me0 / 2e2,
where  is the wavelength of the laser.
This study calculates a 50 fs共t p兲, 780 nm共兲 laser ablation of fused silica using a single pulse or pulse train. It is
noted that the pulses within a train have the same fluence in
our simulations. For a train consisting of one pulse, the ablation threshold fluence is found to be 3.3 J / cm2. For
2 pulses per train, the ablation threshold is 1.8, 1.9,
and 2.3 J / cm2 per pulse, i.e., 3.6, 3.8, and 4.6 J / cm2 per
train, at the pulse separations of 50 fs, 100 fs, and 300 fs,
respectively.
The ablation crater shapes are demonstrated in Fig. 1, in
which the single pulse at 5 J / cm2 is also considered as a
train consisting of two pulses at 2.5 J / cm2 each with zero
pulse separation. At 5 J / cm2 and the beam spot size of
100 m, by using the train consisting of two pulses, the
ablation depths are 184, 102, 84, and 56 nm, at the pulse
separations of 0, 50, 100, and 300 fs, respectively. The corresponding ablation crater diameters are 66, 56, 52, and
30 m, respectively, at the laser beam spot size of 100 m.
The previous pulse has significant effects on the optical
properties for the subsequent pulse within the same train. As
shown in Fig. 2, the overall reflectivity integrated for the
time period during the pulse irritation significantly decreases
as the pulse separation increases. The highest overall reflectivities are 0.34, 0.29, 0.26, and 0.08 at the pulse separations
of 0, 50, 100, and 300 fs, respectively.
Another important factor is the effect of fluence on the
ablation depth as shown in Fig. 3. For comparison purpose,
the fluences given in Fig. 3 are in terms of total fluence per
train instead of per pulse. As shown in Fig. 3, there are
constant ablation-depth zones with respect to fluences, which
are due to the overall reflectivity and absorption coefficient
significantly increasing with the increase of fluences.10,11 If
there exists a constant ablation-depth zone with respect to
fluence, in similar conditions, a flat bottom crater would be
formed under a Gaussian beam,10,11 which has been experimentally observed.16,17 Also, a constant ablation-depth zone
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parameters, it is possible to obtain desired repeatable ablation depths. For example, using 3 pulses per train with the
pulse separation time of 200 fs, the ablation depth can be
controlled around 49 nm at 6.5± 0.5 J / cm2. In contrast, the
constant ablation-depth zone is not changeable for the single
pulse per train with the given wavelength and pulse duration.
In conclusion, the following major observations can be
made from the calculations for fused silica: 共1兲 at the same
total fluence, the overall reflectivity significantly decreases
as the pulse separation increases; 共2兲 the pulse train technology can obtain smaller structures; 共3兲 there exists constant
ablation-depth zones with respect to fluences in femtosecond
laser ablation of dielectrics; and 共4兲 using pulse train technology repeatable nanostructures can be obtained, even when
the laser system is subject to the fluctuation in laser fluences.
FIG. 3. The ablation depth as a function of fluence per train in which the
fluence is in terms of total fluence per train instead of per pulse.

This work was supported by the National Science Foundation under Grant No. 0423233.
1

with respect to fluence has been directly demonstrated in
experiments.18
What does a constant ablation-depth zone with respect to
fluence mean in nano-/microfabrications? Because the laser
pulse fluence may be subject to significant fluctuations in
practice and the ablation depth is very sensitive to fluence
variations at fluences slightly above the ablation threshold, it
is rather difficult to control the accuracy for ablation depth at
nanometer scales for the case of single pulse per train. For
example, by a single pulse per train the ablation depth at
4 ± 0.5 J / cm2 would vary in the range of 47– 157 nm. Hence,
a slight variation in fluence will result in a large difference in
ablation depth. This explains the poor repeatability in the
femtosecond ablation of nanostructures using fluences
slightly above the ablation threshold. On the other hand, by
using the single pulse, the ablation depth at 6.5± 0.5 J / cm2 is
quite stable and is around 200 nm, which is the theoretical
limit of repeatable accuracy by the femtosecond single pulse
per train in this case. In contrast, using two pulses per train
with the pulse separation time of 300 fs, the ablation depth
can be accurately controlled at around 85 nm at
6.5± 0.5 J / cm2, which provides a potential method to
achieve repeatable nanostructures with improved accuracy.
In other words, by using the constant ablation-depth zones
with respect to fluences, repeatable nanostructures can be
obtained, even when the laser system is subject to the fluctuation in fluences. Also, through changing the pulse train
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